Introduction
============

Drug repurposing, also known as repositioning, is a strategy that seeks new medical treatments from among existing licensed medications rather than from the development of new molecules (*de novo* drug development) \[[@ref1]\]. Repurposing is by no means a new idea in medicine, indeed, many venerable and well-established drugs, for example, the beta-blocker propranolol, have been extensively repurposed many times in the past. However, as an explicit development strategy, repurposing is being increasingly pursued in a number of different disease areas \[[@ref2]--[@ref4]\]. Indeed, data from PubMed show that the number of publications related to drug repurposing or repositioning has increased exponentially since 2004 \[[@ref5]\].

The Repurposing Drugs in Oncology (ReDO) project is an on-going collaborative project that has focused exclusively on the potential use of licensed non-cancer medications as sources of new cancer therapeutics \[[@ref6]\]. While it is a common practice for new cancer medicines to be licensed for additional cancer indications after an initial license has been granted, a process that has been termed 'soft repurposing', the licensing of non-cancer medications as new treatments is relatively uncommon, hence this process has been termed 'hard repurposing' \[[@ref7]\]. Indeed, there are very few examples in standard clinical practice of non-cancer drugs being moved into oncology, with thalidomide (multiple myeloma) and all-trans retinoic acid (acute promyelocytic leukaemia) being the best-known examples. In this sense, the ReDO project has focused exclusively on hard drug repurposing in oncology.

In contrast to *de novo* drugs, licensed medications may offer a number of advantages in terms of development \[[@ref8]\]: Availability of pharmacokinetics, pharmacodynamics and posology dataKnowledge of safety and toxicity, including rare adverse eventsClinical experience derived from the original indicationsWidespread availability---particularly for drugs included in the WHO Essentials Medicines list (EML)Low cost---particularly for generic medications with multiple manufacturersUnderstanding of mechanisms of action and/or molecular targets

However, while these advantages may shorten the development period in comparison to unlicensed medications, particularly with respect to early phase toxicity trials, proving efficacy in any new indications remains a challenge. Despite the advantages that repurposed drugs may offer in terms of toxicity and cost, the single most important criterion by which treatments should be judged is efficacy. Of course, this also means that the medical community should judge the relative merits of repurposed versus new drugs without bias \[[@ref9]\].

While much of the burgeoning interest in oncological repurposing is related to a few very high profile candidates, such as aspirin or metformin, there is indeed a wide range of non-cancer drugs which have some level of evidence in support of relevant anticancer activity \[[@ref10], [@ref11]\]. This paper introduces ReDO_DB---a database of non-cancer drugs with evidence of anticancer activity that has been developed as part of the ReDO project. In addition to outlining the methodology and a selection of results from the database, it also gives details of the online open access publication of the database so that the data can be freely used by clinicians and researchers interested in developing specific repurposing projects.

Methodology
===========

The ReDO project has adopted a literature-based methodology to identify non-cancer drugs with anticancer potential. The academic literature was actively scanned and potential repurposing candidates identified.

Selection criteria
------------------

Potential candidates must match the following criteria: The drug is currently licensed for non-cancer indications in at least one country in the world. Not included are:Existing cancer drugs, including cytotoxics, targeted agents or immunotherapeutics, (e.g. docetaxel, cyclophosphamide etc)Drugs withdrawn globally (e.g. phenformin)Experimental medicines or previously shelved compounds (e.g. semagacestat, licofelone etc)Nutraceuticals (e.g. curcumin, resveratrol etc)The drug is the subject of one or more peer-reviewed publications showing a specific anticancer effect in one or more malignancies.

The evidence for anticancer effects could come from *in vitro*, *in vivo* or human research (as assessed by performing a PubMed search). *In silico* studies supported with *in vitro* or *in vivo* data were also included.

Drugs are included in the database if they fulfil the criteria above. In some cases, there may be indirect evidence to suggest that a drug may have anticancer activity because it has effects on an oncologically relevant pathway. However, if there is no explicit evidence of an effect---in other words, the evidence is purely mechanistic, then the drug is *not* included in the database.

Data collected
--------------

For each drug added to the database, we recorded its name (international non-proprietary name), synonyms (if relevant) and main approved indications. Each drug was also checked to see if it is available as a generic and whether it is included in the WHO List of Essential Medicines \[[@ref12]\]. Multiple data sources were checked to assess whether a drug is available as a generic or is off-patent, although in some cases it was not possible to ascertain the current position with respect to patent protection. We also collected information on the type of research showing the anticancer activity of the drug: *in vitro*, *in vivo* and in humans.

Human data could include individual case reports, case series, epidemiological studies and clinical trials. Case reports were assessed using the following PubMed search terms: *('Case Reports' \[Publication Type\]) AND cancer AND \<drug name\>.* Observational studies were assessed using the following PubMed search terms: *('Observational Study' \[Publication Type\]) AND Cancer AND \<drug name\>*. Clinical data included published trial reports, of any phase, and existing clinical trial activity (as assessed by checking ClinicalTrials.gov, WHO ICTRP and OpenTrials registries). ReDO_DB was cross-referenced with DrugBank \[[@ref13], [@ref14]\] for additional analysis. Data were extracted on the Anatomical Therapeutic Chemical Classification System codes for each drug \[[@ref15]\]. Additionally, DrugBank was used to extract data on the validated molecular targets for each drug. Note that these targets are not cancer-specific and as with the ReDO_DB data presented here, the data on molecular targets is a snapshot based on release 5.1.1 of DrugBank (release date 03 July 2018).

Finally, a search was performed to assess clinical trial activity by the drug. Three international clinical trial registries (ClinicalTrials.gov, WHO ICTRP and OpenTrials) were searched for each of the drugs on 16 August 2018. Only active late-stage oncology trials were included---that is trials flagged as Phase 2/3, Phase 3 or Phase 3/4. Each trial was manually assessed to remove trials in which the drugs were being used for their original indication, for example, trials in which licensed antiemetics were being assessed in new cancer or in combination treatments with other antiemetics. For each trial, the following information were collected: drug tested, countries (and continent), sponsor and cancer type.

Results
=======

Drugs in the ReDO database
--------------------------

We found a total of 268 drugs that met our selection criteria. In order to maximise the utility of the database, an open access version is made available online via the website of the ReDO project ([www.redo-project.org/db](www.redo-project.org/db)). The online version will be periodically updated so that as new drugs are added to the database, or new data become available for existing drugs on the database, the information can be made available to the oncology community. Additions or amendments may also be proposed via an online contact form, enabling other members of the oncology community to contribute to the development of the database. The online database has also been structured in a format to facilitate easy data-mining, spidering or simple cut and paste to maximise accessibility.

The following results summarise the data in the ReDO_DB as of 16 August 2018 when 268 drugs were included. Summary statistics are shown in [Table 1](#table1){ref-type="table"}.

It should be noted that 25% of drugs meet multiple favourable criteria in that they are on the WHO List of Essential Medicines, are off-patent and have some form of human evidence of anticancer effects.

The complete list of drugs is included in the supplementary data.

Repurposing candidates come from a wide range of areas of medicine. Using the Anatomical Therapeutic Chemical Classification System, we can assess the sources of ReDO_DB drugs, as shown in [Table 2](#table2){ref-type="table"}. Note that some drugs are included in multiple ATC categories, and therefore the total is greater than the number of drugs in the ReDO dataset.

Data on molecular targets are shown in [Table 3](#table3){ref-type="table"}.

### Late stage oncology trials

In all 190 relevant late-stage trials were identified. Data from this analysis are shown in [Table 4](#table4){ref-type="table"}.

The characteristics of the 190 trials are summarised in [Table 5](#table5){ref-type="table"}. [Figure 1](#figure1){ref-type="fig"} shows a map of the countries where the trials have been or are being conducted. A small number of drugs are currently the subject of intense clinical trial activity (i.e. 10 or more active late-stage trials) and should be considered to be well advanced in terms of a 'repurposing drugs pipeline' in oncology. In terms of clinical trial sponsorship, the data show that the very few trials have a commercial sponsor---less than 4% of trials in this dataset.

Discussion
==========

Data from ReDO_DB show that there are in fact a large number of non-cancer drugs with published evidence of anticancer effects. The majority (73%) have some evidence of anticancer effects from case reports, observational studies or clinical trials. Furthermore, the majority (84%) are off-patent, and 32% are included in the WHO EML. The number of drugs which have human data, are off-patent and included in the WHO EML is 67, representing 25% of the total database. This represents a promising pipeline of potential new treatments in oncology. It is indeed encouraging that there are currently just under 200 late-stage clinical trials investigating the use of these drugs in oncology. However, given the high unmet needs in paediatric oncology, it is not so encouraging to note that only 6% of these trials are in childhood cancers.

In terms of molecular drug targets, it is likely that the number of targets reported in [Table 3](#table3){ref-type="table"} is an underestimate based on analysis by Mestres *et al* which showed that for a large panel of drugs, the average number of target proteins per drug is 6.3 if additional data sources to DrugBank are accessed \[[@ref16]\].

The ReDO_DB has both strengths and limitations. One strength is that the database has been built prospectively over the last 5 years, allowing us to manually curate and validate each drug. We have also benefited from the help of a large network of individuals interested in drug repurposing in oncology. However, we acknowledge that at any given time, the database is incomplete in that new data are published and new candidates emerge. Currently, new entries to the database are added regularly and it is hoped that with the database becoming publicly available, a crowdsourcing effect may help to increase the level of completeness of the database.

ReDO_DB does not include drugs that have solely *in silico* evidence of a possible role in oncology. While our criteria depend on biological data (*in vitro* or *in vivo*) for the inclusion of a candidate drug in the database, we acknowledge the value of *in silico* work as it is often the first method to suggest a brand new use for an existing drug \[[@ref17]\]. One limitation of the database is that it does not include existing cancer drugs which represent a large source of repurposing opportunities. However, virtually all cancer drugs are possible candidates for repurposing in other cancer types and listing them in the ReDO_DB would not be of any added value. We also have not included approved vaccines in the database but we are considering doing so, building on the case of Bacillus Calmette--Guérin \[[@ref18]\] and looking at recent evidence in support of the repurposing of influenza \[[@ref19]\] or cholera vaccine \[[@ref20]\].

The inclusion of a number of drugs was problematic in that they are already licensed for use in oncology for symptomatic relief (e.g. aprepitant to control chemotherapy-associated nausea and vomiting) or cancer-related events (e.g. zoledronate or ibandronate for reduction of bone-related events in advanced malignancies). In the former case, drugs are included if there is data to suggest that there is specific anticancer activity independent of the existing licensed indication. With the cases of zoledronate and ibandronate, the issue is complicated in that there is some existing 'off-label' use of the drugs for specific anticancer effects. However, as this use is currently off-label, the drugs have been included in the database.

While the inclusion of new drugs in the database is fairly straightforward and is based on the criteria outlined previously, the removal of repurposing candidates is more complex. Failure of a repurposing candidate in a clinical trial is insufficient grounds for removal as the drug may still be active in a different cancer, treatment setting, drug combination or dose. Where a drug has been included based solely on published preclinical work that is later shown to be fraudulent, then removal would be warranted if there is no other supporting evidence. However, the clearest case for removal is when a repurposed drug becomes licensed as a new cancer treatment---in that case, the drug moves into the 'soft repurposing' category for further development in other cancer indications and will be removed from the ReDO_DB.

With such a broad range of drugs and so many validated molecular targets, discussion of general mechanisms of action and research priorities is not possible. The vast majority of these drugs do not induce cancer cell cytotoxicity but instead act systemically on the host, alter the immune response or else affect aspects of the tumour microenvironment. These effects may provide therapeutic benefit to cancer patients when used in combination with existing treatments.

The main challenge will be to test these hypotheses to ultimately find cancer indications, if any, for each candidate. For drugs that are already well-studied (e.g. disulfiram or nelfinavir), a meticulous analysis of the data available is needed to identify the most relevant clinical trials to be conducted. For less well-studied drugs (e.g. fasudil or trimetazidine), more research may first be needed to explore and guide the possible future of those drugs. Another possible source of indications for some candidates may be in precision oncology efforts \[[@ref7]\].

A number of online cancer-related drug repurposing databases already exist, including DRUGSURV \[[@ref21]\], DeSigN \[[@ref22]\] and IMPACT \[[@ref23]\]. However, these databases are primarily designed to facilitate the discovery of new repurposing candidates using different data sources and algorithmic techniques. In contrast, ReDO_DB presents a curated list of repurposing candidates and a summary of the types of data sources supporting the inclusion of the drug in the database. Outside of oncology, the PDE3 (Prescribable Drugs with Efficacy in Experimental Epilepsies) \[[@ref2]\] is an example of a database similar in scope and intention to ReDO_DB.

There is clearly a scope to increase the value of the database in the future by the inclusion of additional data fields. One possibility is to include an indication of the strength of evidence for each of the drugs in addition to showing the range (*in vitro*, *in vivo* etc) of evidentiary sources. Other enhancements may also be proposed by users of the database in the future.

Conclusion
==========

The results outlined in this paper are generally positive in showing both a growth of interest in drug repurposing, a wide range of candidates for repurposing in oncology and 190 late-stage clinical trials. However, it is also true that there are numerous obstacles in the path to successful repurposing. Because many of the repurposing candidates are generic drugs, (84% in the ReDO dataset), commercial funding of clinical trials is normally not an option. Indeed, the data in [Table 5](#table5){ref-type="table"} show that only 7 of 190 trials were sponsored by pharmaceutical companies.

There are significant costs associated with carrying out large Phase III efficacy trials---repurposing trials are therefore at a disadvantage in that they must rely on state or philanthropic sources of funding. Indeed, there is even some evidence to suggest that for an institution there is a financial benefit from running a commercial trial (i.e. per patient net income) compared to a non-commercial trial (i.e. per patient net cost) \[[@ref24], [@ref25]\]. In some cases, there may be commercial support for repurposing trials if a commercial sponsor is looking to increase efficacy or expand an indication for an on-patent drug by combining with a repurposing candidate. There may also be cases where insurers or other payers may wish to fund studies that have the potential to reduce cancer recurrence rates or other interventions designed to reduce their costs. Finally, the costs of studies using repurposed drugs may fall if suitable biomarkers are used to stratify patients for enrolment who are most likely to benefit, thereby reducing patient numbers required to show an effect.

Here again repurposing faces a financial obstacle in that there are costs associated with licensing a drug for a new indication (technically, a label extension). It is also the case that there are regulatory restrictions on who can apply for a label extension---therefore, it is important to make the case for a 'public benefit label extension' process so that we can move clinically-proven repurposing from 'off-label' to 'on-label' treatments \[[@ref26]\]. In time, we hope that we will see the ReDO_DB shrink as repurposed drugs are licensed for new cancers indications, at which point they will be removed from the database.

Competing interests
===================

The authors declare that they have no competing interests. All the authors are associated with not for profit organisations that aim to repurpose drugs for oncology treatments. VPS is also a scientific advisory board member of Berg Health and Mitra Biotech.

This work would not be as extensive without the contribution of multiple collaborators, researchers and clinicians who share our interest in drug repurposing. We are grateful to Richard Kast, Andrew Wilcock, Michael Jameson, Lars Søraas, Nicolas André, Albrecht Reichle, Richard Sullivan, Bjørn Tore Gjertsen, Peter Nygren, our colleagues at the Anticancer Fund and the team at *ecancermedicalscience* ... and many others who have shared their findings with us to make this list as complete as possible.

DrugSynonymMain IndicationsWHOOff-PatentVitroVivoCasesObs. StudiesTrialsTrial ReportHuman dataAcetaminophenParacetamolAnalgesiaYesYesYesYesYesYesYesYesYesAcetazolamideGlaucoma, diuretic, epilepsyYesYesYesYesNoNoYesNoYesAcetylsalicylic acidAspirinAnalgesia, swelling, prophylaxis of venous embolism and further heart attacks or strokesYesYesYesYesNoYesYesYesYesAgomelatineInsomniaNoNoYesNoNoNoNoNoNoAlbendazoleParasitic infectionYesYesYesYesYesNoYesNoYesAlendronic AcidAlendronateOsteoporosisNoYesYesYesYesNoYesYesYesAliskirenEssential hypertensionNoNoYesNoNoNoNoNoNoAllopurinolGoutYesYesYesYesNoNoYesYesYesAlpha-Lipoic AcidThioctic Acid, Lipoic AcidDiabetic neuropathy (Germany)NoYesYesYesYesNoYesYesYesAmantadineParkinson's Disease, Influenza ANoYesYesNoNoNoNoNoNoAmilorideIn congestive heart failure or hypertension treated with thiazides, to conserve potassiumYesYesYesYesNoNoNoNoNoAmiodaroneVentricular tachycardia/fibrillationYesYesYesYesNoNoYesYesnoAmitriptylineDepressionYesYesYesYesNoNoNoNoNoAmlodipineHypertensionYesYesYesYesNoNoNoNoNoAmodiaquineMalariaYesYesYesNoNoNoNoNoNoAnagrelideEssential thrombocythemiaNoNoYesYesNoNoNoNoNoAnakinraRA, NOMID, CAPSNoNoYesYesYesNoYesYesYesAprepitantNausea, vomitingNoYesYesYesNoNoNoNoNoAprotininPerioperative blood lossNoNoYesYesNoNoYesYesYesAripiprazoleBipolar disorder, major depressive disorder, authistic disorderNoYesYesNoNoNoNoNoNoArtesunateMalariaYesYesYesYesYesNoYesYesYesAscorbic acidAscorbate, Vitamin CScurvyYesYesYesYesYesNoYesYesYesAtenololHypertension, angina pectorisNoYesYesNoNoNoNoNoNoAtorvastatinCoronary heart disease, acute coronary syndromeNoYesYesYesNoYesYesYesYesAtovaquonePneumocystis carinii pneumonia, toxoplasmoseNoYesYesYesNoYesYesNoYesAtrial Natriuretic PeptideCarperitideHeart failureNoNoYesYesNoYesYesNoYesAuranofinRANoYesYesYesNoNoYesNoYesAzithromycinBacterial infection, CAP, PIDYesYesYesYesNoNoYesYesYesBazedoxifeneOsteoporosisNoNoYesYesNoNoYesNoYesBedaquilineTuberculosisYesNoYesNoNoNoNoNoNoBemiparinVenous thromboembolism, myocardial infarctionNoNoYesYesNoNoYesYesYesBenserazideParkinson's DiseaseNoYesYesYesNoNoNoNoNoBenztropineBenzatropineParkinson's DiseaseNoYesYesYesNoNoNoNoNoBepridilHypertension and chronic stable anginaNoYesYesYesNoNoNoNoNoBezafibrateHyperlipidaemiaNoYesYesYesNoNoYesYesYesBiperidenParkinson's DiseaseYesYesYesYesNoNoNoNoNoBosentanPAHNoYesYesYesNoNoYesYesYesBromocriptineParkinson's Disease, prevention of lactationNoYesYesYesNoNoYesYesYesCabergolineHyperprolactinaemiaNoYesYesYesNoNoYesYesYesCaffeineNewborn apnoeaNoYesYesYesYesNoYesYesYesCalcitriolVitamin D3Vitamin D deficiencyNoYesYesYesYesNoYesYesYesCanagliflozinDiabetesNoNoYesYesNoNoNoNoNoCandesartanHypertensionNoYesYesYesNoNoYesNoYesCaptoprilHypertensionNoYesYesYesNoNoYesNoYesCarbimazoleHyperthyroidismNoYesYesNoNoNoNoNoNoCarglumic AcidHyperammonaemia in N-acetylglutamate synthase deficiencyNoNoYesYesNoNoNoNoNoCarvedilolHypertensionNoYesYesYesNoNoYesNoYesCelecoxibOA, RA, JRA, AS, acute pain, primary dysmenorrhoeaNoYesYesYesYesNoYesYesYesCephalexinBacterial infectionsNoYesYesYesNoNoYesNoYesChloramphenicolSuperficial eye infections, typhoid feverYesYesYesNoYesNoNoNoYesChloroquineMalaria, Extraintestinal AmoebiasisYesYesYesYesNoNoYesNoYesChlorpromazinePsychotic disorders, nausea and vomiting, anxiety, hiccupsYesYesYesYesNoNoYesNoYesCholecalciferolColecalciferol, Vitamin D3Vitamin D deficiencyYesYesYesYesYesNoYesNoYesCiclopiroxAthlete's foot, ringwormNoYesYesYesNoNoYesYesYesCidofovirCMV-retinitis in AIDSNoYesYesYesNoNoYesYesYesCilnidipineHypertensionNoYesYesYesNoNoNoNoNoCimetidineDuodenal/gastric ulcers, GERD, pathological hypersecretory conditionsNoYesYesYesYesNoYesYesYesCiprofloxacinAntibioticYesYesYesYesNoNoYesYesYesCitalopramDepressionNoYesYesYesNoNoYesNoYesClarithromycinBacterial infectionsYesYesYesYesYesNoYesYesYesClodronic acidClodronateOsteolytic lesions, hypercalcaemia and bone pain associated with skeletal metastases in patients with breast cancer or multiple myelomaNoYesYesYesYesNoYesYesYesClofoctolBacterial infectionsNoYesYesYesNoNoNoNoNoClomifeneOvulatory dysfunctionYesYesYesYesNoNoYesNoYesClomipramineObsessive Compulsive DisorderYesYesYesYesNoNoNoNoNoClopidogrelStroke, post-myocardial infarctionYesYesYesYesNoNoYesYesYesClotrimazoleFungal infectionsYesYesYesYesNoNoNoNoNoColchicineGoutNoYesYesYesNoNoYesNoYesDalteparinDVT (prophylaxis), unstable angina/non-Q-wave myocardial infarctionNoYesYesYesYesNoYesYesYesDanazolEndometriosis, fibrocystic breast disease, hereditary angioedemaNoYesYesYesNoNoYesYesYesDapsoneDermatitis herpetiformis, leprosyYesYesYesYesNoNoYesNoYesDeferasiroxAcute iron intoxication, chronic iron overloadNoNoYesYesNoNoYesYesYesDeferiproneIron overload in thalassaemia majorNoNoYesYesNoNoNoNoNoDeferoxamineDesferrioxamineAcute iron intoxication, chronic iron overloadYesYesYesYesNoNoYesYesYesDesmopressinDiabetes Insipidus, bedwetting, haemophilia A, von Willebrand's diseaseYesYesYesYesNoNoYesNoYesDiclofenacOA, RA, ASNoYesYesYesYesNoYesYesYesDiflunisalOA, RA, mild to moderate painNoYesYesYesNoNoNoNoNoDigitoxinCongestive HF, atrial fibrillation, atrial flutter, PAT, cardiogenic shockNoYesYesYesNoNoYesNoYesDigoxinHeart failure, atrial fibrillationYesYesYesYesNoNoYesNoYesDimethyl FumaratePsoriasis, Multiple SclerosisNoYesYesYesNoNoYesNoYesDipyridamoleThromboembolism Prophylaxis Post-Cardiac Valve ReplacementNoYesYesYesNoNoYesNoYesDisulfiramChronic alcoholismNoYesYesYesNoNoYesYesYesDonepezilAlzheimer's DiseaseNoYesYesYesNoNoYesYesYesDoxazosinHypertension, benign prostatic hyperplasiaNoYesYesYesNoNoNoNoNoDoxycyclineRespiratory/urinary tract/ophthalmic infectionYesYesYesYesYesNoYesYesYesDutasterideBenign prostatic hyperplasiaNoYesYesYesYesNoYesYesYesEbastineAllergiesNoYesYesYesNoNoNoNoNoEfavirenzAnti-retroviralYesYesYesYesNoNoYesYesYesEflornithineDFMOAdjunct to laser therapy for facial hirsutism in women, African trypanosomiasisYesYesYesYesYesNoYesYesYesEnalaprilHypertensionYesYesYesYesNoNoYesNoYesEnoxaparinProphylaxis of venous thromboembolismYesYesYesYesNoNoYesYesYesEpalrestatDiabetesNoYesYesYesNoNoYesNoYesEsomeprazoleAntacidNoYesYesYesYesYesYesYesYesEthacrynic AcidEtacrynic acidDiureticNoYesYesYesYesNoNoNoYesEtodolacAnalgesiaNoYesYesYesYesNoYesYesYesFamotidineAntacidNoYesYesYesNoNoYesYesYesFasudilVasodilatorNoUnclearYesYesNoNoNoNoNoFelodipineHypertensionNoYesYesYesNoNoNoNoNoFenofibrateHyperlipidaemiaNoYesYesYesYesNoYesYesYesFinasterideBenign prostatic hyperplasiaNoYesYesYesYesYesYesYesYesFingolimodMultiple SclerosisNoNoYesYesNoNoYesNoYesFlubendazoleParasitic infectionNoYesYesYesNoNoNoNoNoFlucytosine5-FluorocytosineCandida and/or CryptococcusYesYesYesYesNoNoYesYesYesFluoxetineProzacDepressionYesYesYesYesNoNoNoNoNoFluspirilenePsychotic disordersNoYesYesYesNoNoNoNoNoFlurbiprofenAnalgesiaNoYesYesYesNoYesYesYesYesFluvastatinHyperlipidaemiaNoYesYesYesYesYesYesYesYesFluvoxamineDepressionNoYesYesYesYesNoNoNoYesGanciclovirAnti-viralNoYesYesYesYesNoYesYesYesGlipizideDiabetesNoYesYesYesNoNoNoNoNoGlibenclamideGlyburideDiabetesNoYesYesYesNoNoNoNoNoGriseofulvinFungal infectionsYesYesYesYesYesNoNoNoYesHaloperidolPsychotic disordersYesYesYesYesNoNoNoNoNoHydralazineHypertensionYesYesYesYesNoNoYesYesYesHydroxychloroquineMalariaYesYesYesYesYesNoYesYesYesHymecromoneAntispasmodicNoYesYesYesNoNoYesNoYesIbandronic acidIbandronateOsteoporosisNoYesYesYesYesNoYesNoYesIbuprofenAnalgesiaYesYesYesYesNoNoYesNoYesImipramineDepressionNoYesYesYesNoNoYesNoYesIndomethacinIndometacinAnalgesiaNoYesYesYesYesNoYesYesYesIrbesartanHypertensionNoYesYesYesYesYesNoNoYesItraconazoleFungal infectionsYesYesYesYesYesYesYesYesYesIvermectinParasitic infectionYesYesYesYesNoNoYesNoYesKetamineAnaestheticYesYesYesYesNoNoYesNoYesKetoconazoleFungal infectionsNoYesYesYesYesYesYesYesYesKetorolacPost-operative analgesiaNoYesYesYesYesYesYesYesYesLamotrigineEpilepsyYesYesYesYesNoNoNoNoNoLansoprazoleAntacidNoYesYesYesNoYesYesNoYesL-ArginineNutraceuticalNoYesYesYesNoNoYesNoYesLeflunomideArthritisNoYesYesYesNoNoYesYesYesLevetiracetamEpilepsyNoYesYesNoYesYesYesNoYesLevofloxacinAntibioticYesYesYesYesYesNoNoNoYesLevonorgestrelContraceptiveYesYesYesYesYesYesYesYesYesL-GlutamineNutraceuticalNoYesYesYesNoNoYesYesYesLidocaineAnaestheticYesYesYesYesNoNoYesNoYesLithiumBipolar disordersYesYesYesYesYesNoYesNoYesLoperamideDiabetesYesYesYesNoNoNoNoNoNoLopinavirAnti-retroviralYesYesYesYesNoNoYesYesYesLoratadineAllergiesYesYesYesNoNoYesNoNoYesLosartanHypertensionYesYesYesYesNoYesYesNoYesLovastatinHyperlipidaemiaNoYesYesYesYesNoYesYesYesLoxoprofenAnalgesiaNoYesYesYesYesYesNoNoYesMacitentanPulmonary arterial hypertensionNoNoYesYesNoNoYesNoYesManidipineHypertensionNoYesYesYesNoNoNoNoNoMaravirocAnti-retroviralNoNoYesYesNoNoYesYesYesMebendazoleParasitic infectionYesYesYesYesYesNoYesNoYesMeclofenamateMeclofenamic acidAnalgesiaNoYesYesYesNoNoYesNoYesMefloquineMalariaYesYesYesYesNoNoYesNoYesMegestrol AcetateHormoneNoYesYesYesYesNoYesYesYesMelatoninInsomniaNoYesYesYesYesNoYesYesYesMeloxicamAnalgesiaNoYesYesYesYesNoYesYesYesMemantineAlzheimer's DiseaseNoYesYesNoNoNoYesYesYesMepacrineQuinacrineParasitic infectionNoYesYesYesNoNoYesYesYesMesalazineMesalamine, 5-aminosalicylic acidInflammatory bowel diseaseNoYesYesYesNoNoNoNoNoMetforminDiabetesYesYesYesYesYesYesYesYesYesMethazolamideAntiglaucoma, diureticNoYesNoNoNoNoYesNoYesMethimazoleThiamazoleHyperthyroidismNoYesNoNoYesNoYesNoYesMethylnaltrexoneOpioid-induced constipationNoNoYesYesNoYesNoNoYesMetoclopramideAnti-emesisYesYesYesYesNoNoYesYesYesMidazolamSedationYesYesYesYesNoNoNoNoNoMifepristoneAbortifacientYesYesYesYesYesNoYesYesYesMinocyclineAntibioticNoYesYesYesNoNoYesYesYesMirtazapineDepressionNoYesYesYesNoNoNoNoNoMometasoneMometasone furoateAsthma prophylaxisNoYesYesNoNoNoNoNoNoMontelukastAllergiesNoYesYesYesNoNoNoNoNoMycophenolateMycophenolic acidImmunosuppressantNoYesYesYesYesNoNoNoYesNadroparinProphylaxis of venous thromboembolismNoYesYesYesNoYesYesNoYesNaftopidilBenign prostatic hyperplasiaNoUnclearYesYesYesYesYesNoYesNaltrexoneOpioid receptor antagonistNoYesYesYesYesNoYesNoYesNaproxenAnalgesiaNoYesYesYesYesNoYesYesYesNelfinavirAnti-retroviralNoNoYesYesNoNoYesYesYesNiclosamideParasitic infectionYesYesYesYesNoNoYesNoYesNicotinamideNiacinamideNiacin Deficiency, Skin cancer chemopreventionYesYesYesYesNoNoYesYesYesNifedipineHypertensionYesYesYesYesYesNoYesYesYesNifurtimoxChagas disease, African sleeping sicknessYesUnclearYesYesYesNoYesYesYesNimodipineHypertensionNoYesYesYesNoNoNoNoNoNisoldipineHypertensionNoYesYesYesNoNoNoNoNoNitazoxanideAnti-protozoalNoYesYesYesNoNoNoNoNoNitisinoneHereditary tyrosinemia type 1NoNoNoNoYesNoNoNoYesNitroglycerinGlyceryl trinitrateNitro-vasodilatorYesYesYesYesYesNoYesYesYesNitroxolineAntibioticNoYesYesYesNoNoYesNoYesNorethandroloneAplastic anaemiaNoYesYesYesNoNoYesYesYesNoscapineAnti-tussiveNoYesYesYesNoNoYesNoYesOlanzapinePsychotic disordersNoYesYesYesNoNoNoNoNoOlmesartanHypertensionNoYesYesYesNoNoNoNoNoOlsalazineRheumatoid arthritis; ulcerative colitis; active Crohn's Disease.NoYesYesYesNoNoNoNoNoOmega 3Lovaza, Fish Oil, Omacor, eicosapentaenoic acid, docosahexaenoic acidHyperlipidaemiaNoUnclearYesYesYesYesYesYesYesOmeprazoleAntacidYesYesYesYesYesNoYesNoYesOrlistatObesityNoYesYesYesNoNoNoNoNoOrmeloxifeneContraceptiveNoYesYesYesNoNoNoNoNoOseltamivirAnti-viralYesYesYesYesNoNoNoNoNoOuabainCardiac arrhythmiaNoYesYesYesNoNoNoNoNoOxcarbazepineEpilepsyNoYesYesNoNoYesNoNoYesPamidronic acidPamidronateOsteoporosisNoYesYesYesYesNoYesYesYesPantoprazoleAntacidNoYesYesYesYesYesYesYesYesParicalcitolVitamin D2HyperparathyroidismNoYesYesYesYesNoYesYesYesPenfluridolPsychotic disordersNoYesYesYesNoNoNoNoNoPentamidineParasitic infectionYesYesYesYesNoNoYesNoYesPentoxifyllinePeripheral artery diseaseNoYesYesYesNoNoYesYesYesPerphenazinePsychotic disordersNoYesYesYesNoNoNoNoNoPhenoxybenzaminePheochromocytomaNoYesYesYesNoNoNoNoNoPhentolamineVasodilatorNoYesYesYesNoNoNoNoNoPhenylbutyrateGlycerol PhenylbutyrateUrea cycle disordersNoUnclearYesYesYesNoYesYesYesPhenytoinEpilepsyYesYesYesYesNoNoNoNoNoPimozidePsychotic disordersNoYesYesYesYesNoNoNoYesPioglitazoneDiabetesNoYesYesYesYesNoYesYesYesPirfenidoneAnti-fibroticNoNoYesYesNoNoYesNoYesPiroxicamAnalgesiaNoYesYesYesYesNoYesYesYesPlerixaforAMD3100Autologous HSCTNoNoYesYesNoNoYesYesYesPravastatinHyperlipidaemiaNoYesYesYesNoYesYesYesYesPrazosinHypertensionNoYesYesYesNoNoNoNoNoProchlorperazineProchlorperazine dimaleatePsychotic disordersNoYesYesYesNoNoYesYesYesPromethazinePsychotic disordersNoYesYesYesNoNoNoNoNoPropafenoneAnti-arrhythmicNoYesYesYesNoNoNoNoNoPropranololHypertensionYesYesYesYesYesYesYesYesYesPyridoxineVitamin B6Vitamin B6 deficiencyYesYesYesYesNoNoYesYesYesPyrimethamineParasitic infectionYesYesYesYesYesNoYesNoYesPyrvinium PamoatePyrviniumParasitic infectionNoYesYesYesNoNoNoNoNoQuetiapinePsychotic disordersNoYesYesNoNoNoNoNoNoRabeprazoleAntacidNoYesYesYesNoNoYesNoYesRanitidineAntacidYesYesYesYesYesNoYesYesYesRanolazineAnti-anginaNoNoYesYesNoNoNoNoNoRepaglinideDiabetesNoNoYesYesNoNoNoNoNoRibavirinAnti-viralYesYesYesYesYesNoYesYesYesRifabutinAntibioticYesYesYesNoNoNoNoNoNoRiluzoleALSNoYesYesYesNoNoYesYesYesRisperidonePsychotic disordersYesYesYesYesNoNoNoNoNoRitonavirAnti-retroviralYesNoYesYesYesNoYesYesYesRoflumilastCOPDNoNoYesYesNoNoYesNoYesRosuvastatinHyperlipidaemiaNoYesYesYesNoNoYesYesYesRoxithromycinBacterial infectionsNoYesYesYesYesNoNoNoYesSertralineDepressionNoYesYesYesNoNoYesYesYesSildenafilErectile dysfunctionNoYesYesYesYesNoYesNoYesSimvastatinHyperlipidaemiaYesYesYesYesNoYesYesYesYesSirolimusRapamycinInhibit organ transplant rejectionNoYesYesYesYesNoYesYesYesSodium AurothiomalateActive progressive rheumatoid arthritisNoYesYesYesNoNoYesYesYesSodium BicarbonateRelief of wind and griping painsNoYesYesYesYesNoYesYesYesSpironolactoneCongestive cardiac failure, Hepatic cirrhosis with ascites and oedema, Malignant ascites, Nephrotic syndrome, Diagnosis and treatment of primary aldosteronism.YesYesYesYesNoNoYesYesYesSulfasalazineRheumatoid arthritis; ulcerative colitis; active Crohn's Disease.YesYesYesYesYesNoYesYesYesSulindacRelief of signs and symptoms of osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, acute painful shoulder (acute subacromial bursitis/supraspinatus tendinitis), and acute gouty arthritis.NoYesYesYesNoYesYesYesYesTadalafilErectile dysfunctionNoNoYesYesNoNoYesYesYesTelmisartanHypertension, cardiovascular preventionNoYesYesYesNoYesNoNoYesTerbinafineTreatment of tinea pedis (athlete's foot), tinea cruris (dhobie (jock) itch) and tinea corporis (ringworm)YesYesYesYesNoNoYesNoYesThiabendazoleParasitic infectionNoUnclearYesYesNoNoNoNoNoThioridazinePsychotic disordersNoYesYesYesYesNoYesNoYesTicagrelorPrevention of atherothrombotic events in combo with ASANoNoYesYesNoNoYesNoYesTiclopidinePrevent strokes, blood lossNoYesYesYesYesNoYesNoYesTigecyclineInfectionsNoNoYesYesNoNoYesNoYesTimololHypertension, ischaemic heart disease, migraineYesYesNoNoYesYesYesYesYesTinzaparinProphylaxis of venous thromboembolismNoNoYesYesNoNoYesNoYesTioconazoleParasitic infectionNoYesYesYesNoNoNoNoNoTocilizumabRheumatoid arthritisNoNoYesYesNoNoYesYesYesTofacitinibRheumatoid arthritisNoNoYesYesYesNoNoNoYesTolfenamic AcidTolfenamateMigraineNoYesYesYesNoNoNoNoNoTopiramateEpilepsy (tonic clonic seizure)NoYesYesYesNoNoNoNoNoTranexamic AcidBlood loss - fibrinolysisYesYesYesYesYesNoYesYesYesTrazodoneDepression, anxietyNoNoYesYesNoNoNoNoNoTriamtereneDiuretic, oedema in cardiac failure, cirrhosis of the liver or the nephrotic syndrome, and in that associated with corticosteroid treatmentNoYesYesYesNoNoNoNoNoTrifluoperazinePsychotic disordersNoNoYesYesNoNoYesNoYesTrimetazidineAngina pectorisNoYesYesYesNoNoYesNoYesUlinastatinSevere sepsis & pancreatitisNoUnclearYesYesNoNoYesYesYesValproic AcidValproateEpilepsyYesYesYesYesYesYesYesYesYesValsartanHypertension, myocardial infarction, heart failureNoYesYesYesNoYesNoNoYesVardenafilErectile dysfunctionNoNoYesYesNoNoYesNoYesVerapamilHypertension, angina pectorisYesYesYesYesYesNoYesYesYesVerteporfinExudative age-related macular degenerationNoNoYesYesYesNoYesYesYesWarfarinProphylaxis of systemic embolism, of venous thrombosis and pulmonary embolism.YesYesYesYesNoYesYesYesYesZidovudineAzidothymidineAnti-retroviralYesYesYesYesYesNoYesYesYesZoledronic AcidZoledronateOsteoporosis, prophylaxis of skeletal fractures and treat hypercalcaemia of malignancy, treat pain from bone metastasesYesYesYesYesYesYesYesYesYes
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###### Summary statistics from ReDO_DB as of 15 August 18.

  Drugs ...                                                                  Yes   \%   No    \%   Total
  -------------------------------------------------------------------------- ----- ---- ----- ---- -------
  Are included in WHO List of Essential Medicines?                           87    32   181   68   268
  Are off-patent? [§](#table1_fn2){ref-type="table-fn"}                      226   84   35    13   268
  Are supported by *in vitro* evidence?                                      264   99   4     1    268
  Are supported by *in vivo* evidence?                                       247   92   21    8    268
  Are supported by case reports?                                             86    32   182   68   268
  Are supported by observational studies?                                    36    13   232   87   268
  Have been/Are being tested in clinical trials?                             178   66   90    34   268
  Have trial report(s) published?                                            113   63   65    37   178
  Are supported by human data? [\*](#table1_fn1){ref-type="table-fn"}        194   72   74    28   268
  Are WHO + Off-patent + Human data?[\*](#table1_fn1){ref-type="table-fn"}   67    25   201   75   268

At least one case report, observational study or clinical trial.

It was not possible to ascertain the patent position for 3% of drugs.

###### Number of drugs by top-level ATC category.

  ATC Level 1                                                       Drugs
  ----------------------------------------------------------------- -------
  Cardiovascular System                                             56
  Nervous System                                                    49
  Alimentary Tract and Metabolism                                   39
  Musculo-Skeletal System                                           31
  Antiinfectives for Systemic Use                                   26
  Dermatologicals                                                   23
  Genito Urinary System and Sex Hormones                            23
  Sensory Organs                                                    22
  Antiparasitic Products, Insecticides and Repellents               20
  Blood and Blood-Forming Organs                                    16
  Antineoplastic and Immunomodulating Agents                        12
  Respiratory System                                                11
  Systemic Hormonal Preparations, Excl. Sex Hormones and Insulins   4
  Various                                                           4

###### Molecular targets included in ReDO drugs.

  Item                                                                    
  ----------------------------------------------------------------------- ------
  ReDO drugs included in DrugBank[\*](#table3_fn1){ref-type="table-fn"}   263
  ReDO drugs with targets in DrugBank                                     252
  Total targets identified in all ReDO drugs                              1201
  Number of unique targets in ReDO drugs                                  660
  Average targets per drug                                                4.77

Five drugs approved for use outside of the USA and the EU are not currently included in DrugBank.

###### ReDO drugs included in late-phase clinical trials.

  Item                                     
  ---------------------------------------- -----
  Number of relevant late-stage trials     190
  Number of unique drugs                   72
  Number of drugs with 5 or more trials    11
  Number of drugs with 10 or more trials   6

###### Characteristics of the 190 trials registered with one of the 72 drugs of the ReDO_DB tested in clinical trials.

                                      *N*                                                       \%    
  ----------------------------------- --------------------------------------------------------- ----- ----
  **Drug with more than 10 trials**                                                                   
                                      Acetylsalicylic acid                                      27    14
                                      Celecoxib                                                 12    6
                                      Cholecalciferol                                           12    6
                                      Metformin                                                 17    9
                                      Olanzapine                                                10    5
                                      Zoledronic Acid                                           20    11
  **Cancer Type**                                                                                     
                                      Gastrointestinal                                          53    28
                                      Breast                                                    38    20
                                      Hematologic                                               23    12
                                      Lung                                                      14    7
                                      Gynaecologic                                              11    6
                                      Brain and CNS                                             10    5
                                      Other                                                     24    13
                                      Paediatric                                                12    6
                                      Not specified                                             23    12
  **Trial Location**                                                                                  
                                      Europe                                                    68    36
                                      Asia                                                      61    32
                                      North America                                             48    25
                                      Middle East                                               11    6
                                      Oceania                                                   7     4
                                      South & Central America                                   6     3
                                      Africa                                                    5     3
  **Sponsor**                                                                                         
                                      University and/or hospital                                127   67
                                      Research Institute, organisation, foundation or network   53    28
                                      Small- and medium-sized pharmaceutical companies          6     3
                                      Government                                                3     2
                                      Large pharmaceutical companies                            1     1
